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High mass measurement accuracy (MMA) is demonstrated for intact proteins and subsequent
collision-induced dissociation product ions using internal calibration. Internal calibration was
accomplished using a dual electrospray ionization source coupled with a hybrid quadrupole
Fourier transform ion cyclotron resonance (Q-FT-ICR) mass spectrometer. Initially, analyte
ions generated via the first electrospray (ESI) emitter are isolated and dissociated in the
external quadrupole. This event is followed by a simultaneous switch to the calibrant ion ESI
emitter and a disablement of the isolation and activation of the external quadrupole such that
a broad m/z range of calibrant ions are accumulated before injecting the analyte/calibrant ion
mixture into the ICR cell. Two different internal calibrant solutions were utilized in these
studies to evaluate this approach for the top-down characterization of melittin and ubiquitin.
While external calibration of protein fragments resulted in absolute MMA greater than 16 ppm,
internal standardization significantly improved upon the MMA of both the intact proteins and
their products ions which ranged from 2.0 ppm to 1.1 ppm, with an average of 0.9 ppm.
This method requires limited modification to ESI-FT-ICR mass spectrometers and is applicable
for both positive and negative ionization modes. (J Am Soc Mass Spectrom 2007, 18, 1–7) ©
2007 American Society for Mass SpectrometryHybrid quadrupole Fourier transform ion cyclo-tron resonance (Q-FT-ICR) mass spectrometers[1–5] are uniquely suited for making top-down
[6 –10]proteomics measurements. The combination of
high resolving power (RP) and mass measurement
accuracy (MMA) enables the confident determination of
both the intact protein mass and the masses of its
corresponding dissociation product ions. The combina-
tion of these experimental datasets provides confident
and unambiguous identification of proteins. To realize
the highest achievable MMA for a given FT-ICR mass
spectrometer system, frequency shifts due to space-
charge-effects must be accounted for via external or
internal calibration methods [11, 12].
External calibration has been used to account for
frequency shifts and thereby improve the MMA of
intact peptides and proteins [13]. For example, Amster
and coworkers developed a calibration curve to account
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doi:10.1016/j.jasms.2006.08.014for the difference between the ion populations of the
calibration spectrum and spectra that were to be exter-
nally calibrated resulting in 10 parts-per-million
MMA [14, 15]. Hunt and coworkers have demonstrated
the effectiveness of combining external calibration with
automatic gain control (AGC) where the number of ions
in the ICR cell were precisely controlled to fall within
the external calibration range [5]. This approach al-
lowed them to achieve 2 ppm MMA. Muddiman and
coworkers were able to achieve 1 ppm using this
approach [16]. Based partly on the work of Amster [14,
15] and Smith [17], Oberg and Muddiman reported a
novel external calibration law which afforded 5 ppm
MMA [18].
Internal calibration has also been effective at pro-
viding high MMA for intact species. However, it can
be difficult to implement in the context of modern
proteomics experiments, where introducing the cali-
brant ions concurrently with the analyte species can
be problematic (e.g., ion suppression). One approach
to internal calibration was reported by Smith and
coworkers who developed an algorithm called decon-
volution of Coulombic affected linearity (DeCAL)
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charge states for the same species, which are not
always present. Muddiman and coworkers have de-
veloped and utilized a dual-electrospray emitter (du-
alESI) to achieve high MMA [20 –22]. This approach is
amenable to both direct infusion [23–25] and liquid
chromatography experiments [26 –28] without intro-
ducing measurement biases associated with ion sup-
pression. Furthermore, this method does not compro-
mise dynamic range by limiting the number of ions in
the ICR cell (e.g., AGC). Despite the prevalence of
multiple external and internal methods for calibrat-
ing FT-ICR data, AGC [5, 16] or internal calibration
have thus far been the methods of choice for achiev-
ing high MMA for intact species [19 –22].
The interpretation and confident assignment of
intact proteins and their product ions is a major
challenge in top-down proteomics. Robust methods
for providing high MMA of intact and dissociated
proteins are sorely needed for top-down proteomics
to mature into a viable alternative to bottom-up
proteomics [29]. A sampling of the current top-down
proteomics literature clearly demonstrates the need
to address this critical issue in top-down proteomics.
To date, reported MMA of product ions range from
41 ppm to 10 ppm, all of which employed external
calibration methods [30, 31]. In some cases the MMA
is not reported for the product ions in a tandem-MS
experiment [32–34]. Very little research thus far has
focused on the development of strategies employing
internal calibration as a means for achieving high
MMA of top-down proteomics data.
DeCAL was recently applied to tandem-MS data,
which resulted in product ion MMAs of 1.59 ppm;
however, it still required the presence of at least two
charge-states for one species [35]. Kelleher and cowork-
ers used “unmodified z ions” for internal calibration;
however, the MMA reported had a range from 0.1 ppm
to 44 ppm [36]. Furthermore, this method requires the
identity of the protein to generate the exact mass of
unmodified z ions which are used as the internal
calibrants [36]. Several years ago, we developed and
utilized a dual electrospray source to internally cali-
brate SORI-CID tandem mass spectrometry data of
short oligonucleotides and achieved 3.2 ppm MMA
on a 7 tesla FT-ICR MS [22].
Herein, we report the internal calibration of intact
proteins and their product ions formed by collision-
induced dissociation in a dual electrospray ionization
[20 –22] hybrid quadrupole FT-ICR-MS using a modi-
fied pulse sequence. Internal standards of polypro-
pylene glycol (PPG) and a mixture of four iodopeptides,
which fall in an m/z range that is unoccupied by natural
(i.e., not chemically modified) peptide/proteins, were
chosen for these MS/MS studies. This m/z range is also
known as the forbidden zone and results from the mass
excess of the chemical constituents [24]. This paper
presents the capability of a dual ESI source coupled
with a QFT-ICR MS to achieve sub-ppm MMA, whichwill have significant impact for top-down proteomic
applications.
Experimental
Materials
The PPG with an average molecular weight of 1000 Da,
melittin, ubiquitin, ammonium acetate (99.%), and for-
mic acid were purchased from Sigma (St. Louis, MO).
HPLC grade acetonitrile and high purity water were
purchased from Burdick Jackson (Muskegon, MI). 2-pro-
panol (HPLC Grade) was purchased from Fischer Scien-
tific (Fair Lawn, NJ). The iodopeptides used were synthe-
sized in the Mayo Proteomics Research Center (Rochester,
MN). These four iodopeptides had the sequences (I2Y)GK
(I1), (I2Y)GK(I2Y)G (I2), (I2Y)SR(I2Y)GSYGSSI (I3), and
(I2Y)SR(I2Y)GSYGSSIGSY (I4) with neutral monoisotopic
masses of 617.9836, 1089.8617, 1742.1433, and 2049.2601
Da, respectively. All materials were used as received.
Dual Electrospray Ionization Hybrid Quadrupole
Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry (dualESI-QFT-ICR MS)
A modified version of a dual ESI source developed
previously in this laboratory [21] was coupled to a
hybrid Ionspec (Lake Forest, CA) QFT-ICR mass spec-
trometer equipped with an actively shielded 7T super-
conducting magnet (Cyromagnetics, Oak Ridge, TN)
and a Z-spray ESI source (Waters Corp, Milford, MA).
All spectra were acquired with 1024 k points and an
ADC rate of 1 MHz. Samples were introduced by direct
infusion using a 100 l gas-tight syringe (Hamilton, Las
Vegas, NV) and a Harvard Apparatus model PHD 2000
syringe pump (Holliston, MA) at a flow rate of 0.5
l/min to 1.00 L/min. The ESI emitter tips used were
360 m o.d., 50 m i.d. and tapered to 30  1.0 m i.d.
(New Objective, Woburn, MA), and held at a constant
potential of 2200 V for all experiments. Electrospray
solutions were composed of 1:1 (vol:vol) acetonitrile/
water, with 0.1% formic acid, with the exception of the
ammonium-adducted polypropylene glycol solution,
which was composed of 70:30 2-propanol:water with
0.5 mM ammonium acetate (NH4OAc). The generic
experimental pulse sequence used for all experiments is
shown in Figure 1 (see figure caption).
Results and Discussion
The primary sequence of melittin with notation of the
doubly charged y-ions that we observed is shown at the
top of Figure 2. To evaluate the stability of the dualESI-
QFT-ICR mass spectrometer experimental pulse se-
quence, 50 sequential internally calibrated collision in-
duced dissociation (CID) mass spectra were collected
for two different internal calibrant mixtures. Both
ammonium-adducted polypropylene glycol (NH4-PPG-
1000) and a mixture of four iodopeptides were used as
3J Am Soc Mass Spectrom 2007, 18, 1–7 HIGH MMA STRATEGY FOR TOP-DOWN PROTEOMICSinternal calibrants. Figure 2a shows a representative
“NH4-PPG-1000” internally calibrated CID mass spec-
trum of mellitin labeled as “Spectrum #2”. The “NH4-
PPG-1000” ions were labeled as 12A, 13A, 14A. . .20A
representing the number of propylene-glycol repeat
units. The corresponding total ion abundance plot of
the 50 sequential measurements is shown in Figure 2b
with the arrows indicating every fifth spectrum. The
arrow labeled “Spectrum #2” indicates the data plotted
in Figure 2a.
Figure 2c shows a representative “iodopeptide” in-
ternally calibrated CID mass spectrum of mellitin la-
beled also as “Spectrum #2”. The “iodopeptide” ions
were labeled as I1, I2, I3, and I4 (see the Experimental
section for sequences). The corresponding total ion
abundance plot of the 50 sequential measurements is
shown in Figure 2d with the location of “Spectrum #2”.
In both spectra presented in this figure, the y13-ion is
dominant, which is attributed to the presence of a
proline (position 14 from the N-terminus) in the melittin
sequence [37]. The data presented in Figure 2b and d
demonstrate the stability of the pulse sequence albeit
the iodopeptide is more variable that we attribute to the
ESI emitter.
The 4 charge-state of the monoisotopic peak of
melittin was observed to have a MMA ranging from
4.1 ppm to 1.85 ppm and 0.17 ppm to 0.31 ppm,
respectively, for externally and internally calibrated
data using NH4-PPG-1000. Similarly, when the io-
dopeptides were used as internal calibrants, the MMA
ranged from 4.23 ppm to 1.71 ppm and 0.17 ppm
to0.31 ppm, respectively, for externally and internally
calibrated data.
Figure 3 presents the MMA data obtained from the
tandem mass spectra of melittin shown in Figure 2.
Figure 3a shows the relationship between MMA and the
Figure 1. QFT-ICR MS/MS schematic with ex
experimental timeline for a single internally
From t  0 to t1 the analyte ions are isolated (
t1 to t2 the emitter position switches to the inter
transmission, and the offset voltages for q2 are
analyte/internal calibrant ions are transferred
detection.mass-to-charge ratio for external calibrated tandem-MSdata using NH4-PPG-1000 (left) and iodopeptides
(right) as calibrants. The MMA systematically improves
with decreasing mass-to-charge ratio as expected, given
the inverse relationship between cyclotron frequency
and m/z [38].
Similarly, Figure 3b shows the internally calibrated
data using NH4-PPG-1000 (left) and iodopeptides
(right) as internal calibrants. Importantly, the MMA is
now centered about 0 ppm and there was no significant
correlation between MMA and m/z, indicating the sys-
tematic error had been removed. The data in Figure 3a
and b suggest that NH4-PPG-1000 is a better internal
calibrant than the iodopeptides. We attribute this to the
fact that there are ten calibrant points for the NH4-PPG-
1000 opposed to only four for the iodopeptides; how-
ever, it could partly be their frequency range relative to
the product ions [18].
Figure 3c shows the cumulative percentage plots
as a function of MMA obtained for the externally
(red) and internally calibrated (blue) data using NH4-
PPG-1000 (left) and four iodopeptides (right) as the
calibrants. The dashed line in Figure 3c should theo-
retically intersect the curves shown at 50% if the
MMA was exactly centered at 0 ppm. External cali-
bration using either NH4-PPG-1000 or the iodopep-
tides intersects this dashed line when 100% of the
ions have already been accounted for, clearly demon-
strated the presence of systematic error. Internal
calibration using either NH4-PPG-1000 or the io-
dopeptides are approximately centered about 0 ppm
MMA, supporting our hypothesis that internally cal-
ibrated data would accurately remove the systematic
bias. Furthermore, for internally calibrated data using
the NH4-PPG-1000 or the iodopeptides, the MMA
ranged from 0.62 ppm to 0.64 ppm and 1.08 ppm
to 1.09 ppm, respectively.
ental pulse sequence. The left axis shows the
rated dualESI-QFT-ICR MS/MS acquisition.
dissociated (q2), and accumulated (q2). From
alibrant species, Q1 is reset to broad-band m/z
for accumulation only (i.e., no CID). At t2, the
e ICR cell where they undergo excitation andperim
calib
Q1),
nal c
reset
to thFigure 4 shows the primary sequence for ubiquitin
4 WILLIAMS JR. ET AL. J Am Soc Mass Spectrom 2007, 18, 1–7(top) along with the seven different y-ions observed
(9% sequence coverage). In these studies involving
ubiquitin, we only carried out external and internal
calibration using the iodopeptide mixture to minimize
interference in terms of complexity as well as the ability
to access forbidden zones [24]. The single-acquisition
QFT-ICR tandemmass spectrum is shownwith the y-ions
and internal calibrants labeled. The two insets show the
expansion of two product ions (y58 and y40). The dominant
y58 and y40 product ions are attributed to the presence of
two prolines (at positions 19 and 37 from the N-terminus),
which may provide valuable bioinformatic constraints for
top-down proteomic data [37].
The MMA achieved for the externally and internally
calibrated data ranged from 16 to 4 ppm and from
Figure 2. Primary sequence of melittin with
QFT-ICR tandem mass spectra of the 4 charge
abundance plot of 50 sequential internally cal
the 4 charge-state of melittin using NH4-PP
tandem mass spectra of the 4 charge-stat
standards, and (d) total ion abundance plo
QFT-ICR tandem mass spectra of the 4 char
internal calibrants.2 to 1 ppm, respectively, with the exception of onepeak that had a very low abundance. All MMA mea-
surements were calculated from the monoisotopic peak
for each of the isotope clusters being investigated. The
MMA as a function of m/z for the externally (bottom
left) and internally (bottom right) calibrated data is
shown, once again demonstrating that the systematic
error has been removed using internally calibration.
The cumulative percentage plot as a function of MMA is
also shown for the externally (red) and internally (blue)
calibrated data again demonstrating that high MMA
can routinely be achieved.
Conclusions
The utilization of a dual electrospray source coupled
rved y-ions. (a) Internally calibrated dual ESI
e of melittin using NH4-PPG-1000, (b) total ion
ed dual ESI QFT-ICR tandem mass spectra of
0, (c) internally calibrated dual ESI QFT-ICR
melittin using iodopeptides as the internal
50 sequential internally calibrated dual ESI
ate of melittin using four iodopeptides as theobse
-stat
ibrat
G-100
e of
t of
ge-stto a QFT-ICR MS instrument enabled the generation
5J Am Soc Mass Spectrom 2007, 18, 1–7 HIGH MMA STRATEGY FOR TOP-DOWN PROTEOMICSand mass-selective dissociation of intact proteins
while subsequently incorporating internal mass cali-
brants ions allowed for sub ppm MMA for melittin
and low ppm MMA for ubiquitin. These data dem-
onstrate that the dual electrospray source combined
with tandem QFT-ICR MS data can reliably yield
extremely high MMA when compared with other
methods of calibration. Coupled with stronger mag-
netic fields [38], this method of internally calibrating
PPG (10 point calibration)
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Figure 3. (a) Mass measurement accuracy as
calibrated data. The different symbols reflect
percentage plot of ions as a m/z for the melittin
internally calibrated data).top-down proteomic data has the potential to im-prove MMA even further. We are currently working
on extending these findings to larger proteins, other
methods of dissociation (e.g., electron capture disso-
ciation [39] using alternative pulse sequences, opti-
mizing internal mass calibrants, and data-dependent
acquisition.
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Figure 4. Ubiquitin primary sequence and denotation of observed y-ions. Dual ESI Q-FT-ICR
tandem mass spectra of the 10 charge-state of ubiquitin using the four iodopeptides as internal
standards. Plot of MMA as a function of m/z for externally (bottom left) and internally calibrated data
(bottom right). The cumulative percentage as a function of MMA is shown (middle left) for the
externally calibrated data (red) and internally calibrated data (blue).
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